First non-trivial chiral corrections to the magnetic moments of triplet (T ) and sextet (S ( * ) ) heavy baryons are calculated using Heavy Hadron Chiral Perturbation Theory. Since magnetic moments of the T -hadrons vanish in the limit of infinite heavy quark mass (m Q → ∞), these corrections occur at order O(1/(m Q Λ 2 χ )) for T -baryons while for S ( * ) -baryons they are of order O(1/Λ 2 χ ). The renormalization of the chiral loops is discussed and relations among the magnetic moments of different hadrons are provided. Previous results for T -baryons are revised.
Introduction
Chiral Perturbation Theory (ChPT) and Heavy Quark Effective Theory (HQET) can be combined together to construct an effective lagrangian which describes soft interactions of hadrons containing a single heavy quark [1] - [4] . Electromagnetic interactions can be included in the formalism by gauging a U(1) EM subgroup of the global SU(3) L ⊗ SU(3) R symmetry group.
In the limit m u , m d , m s → 0, the QCD Lagrangian for light quarks has a SU(3) L ⊗ SU(3) R ⊗ U(1) V symmetry, which is spontaneously broken to SU(3) V ⊗ U(1) V . The lightest particles of the hadronic spectrum, the pseudoscalar octet (π, K,K, η), can be identified with the corresponding Goldstone bosons. Their low-energy interactions can be analysed making use of Chiral Perturbation Theory (ChPT) [5] , which is an expansion in terms of momenta and meson masses. Goldstone bosons are parametrised as
and appear in the Lagrangian via the exponential representation Σ = exp(2iπ/f π ) ≡ ξ 2 , being f π ∼ 93 MeV the pion decay constant. Under chiral transformations,
where L(R) are global elements of SU(3) L(R) , and h is a local SU(3) L+R transformation, which depends both on π and on the chiral trasformation (L, R). To construct the effective theory, one must write the most general Lagrangian consistent with chiral symmetry involving Σ and its derivatives. Chiral symmetry is explicitly broken in QCD by the quark mass term. This can be incorporated in the effective Lagrangian through the light mass matrix χ, which gives rise to a quadratic pseudoscalar-mass term. The Lagrangian is then organized as an expansion in powers of (p/Λ χ ) and (m q /Λ χ ), where p is the low pseudoscalar momenta, m q denotes the light quark masses and Λ χ ≈ 1 GeV is the chiral symmetry breaking scale which suppresses higher-order terms in the effective theory.
On the other side, in the opposite limit, m Q → ∞, which is useful for c and b-quarks, different simplifications occur in the dynamics of heavy-light hadrons. Quark interactions do not change the velocity of the heavy quark inside the hadron, because the momentum exchange is of order δP ∼ Λ QCD << m Q . In the hadron rest frame, the heavy quark acts as a static colour source which interacts with the light degrees of freedom. This interaction is independent of the mass and spin of the heavy quark, and thus the hadron dynamics shows SU(2) spin symmetry and SU(N f ) flavour symmetry (for N f heavy flavours). HQET [6] is an effective field theory for QCD which makes this symmetry manifest in the m Q → ∞ limit, and describes the dynamics of hadrons containing a heavy quark, at momenta much lower than m Q . The effective baryon fields are labeled by their velocities and their mass is removed from the baryon momentum, P . Derivatives on the baryon fields produce powers of residual momentum (k/m Q ) << (P/m Q ).
In some kinematical regions, which are not far from the chiral and heavy quark limits, both approaches can be simultaneously used. Baryons containing a heavy quark, in the m Q → ∞ limit, can emit and absorb light pseudoscalar mesons without changing its velocity, v. In Heavy Hadron Chiral Perturbation Theory (HHCPT) one constructs an effective Lagrangian whose basic fields are heavy hadrons and light mesons. In ref. [7] , the formalism is extended to include also electromagnetism. We use this hybrid effective Lagrangian to calculate the magnetic moments (MM) of some baryons containing a c or a b quark.
In section 2 we review the needed HHCPT formalism, introduced in ref. [7] : the effective fields representing S and T -baryons, the lowest order chiral lagrangian and its O(1/m Q ), O(1/Λ χ ) corrections. These terms generate divergent chiral loops which contribute to the MM. Their renormalization requires the introduction of higher order operators. In the case of S we find that all divergences and scale dependence to O(1/Λ 2 χ ) can be absorbed in a redefinition of only one O(1/Λ χ ) coupling. Our computations and results are presented in section 3. The magnetic moments of the T -baryons are analyzed in ref. [15] . However this analysis does not include all meson loops and the needed counterterms are not taken into account. In section 4 we provide a consistent calculation of the T magnetic moments to order O(1/(m Q Λ 2 χ )). Finally section 5 summarizes our conclusions.
HHCPT formalism for magnetic moments
The light degrees of freedom in the ground state of a baryon with one heavy quark can be either in a s l = 0 or in a s l = 1 configuration. The first one corresponds to J P = 
which transforms as a 6 under SU(3) L+R and as a doublet under SU(2) v and is symmetric in the i, j indices.
The particle assignement for the J = 1/2 charmed baryons of the3 and 6 representations is
The J = 3/2 partners of the baryons of Eq. 5 and Eq. 7 have the same SU(3) V assignement in S * ij
The lowest order chiral lagrangian describing the soft hadronic and electromagnetic interactions of these baryons in the infinite heavy quark mass limit is given by [7] 
In this formula, the heavy baryon covariant derivatives are
where A µ is the electromagnetic current, Q Q is the heavy quark charge, the light quark charge matrix Q is
and the Goldstone fields appear through axial-vector, ξ µ , and vector, Γ µ , currents
Because of the different spin configuration of the light degrees of freedom there is an intrinsic mass difference, ∆ ST ≡ M S − M T , among the S ( * ) and the T baryons.
Notice that a direct coupling of the pseudo-Goldstone bosons to the3 baryons is forbidden at the lowest order in 1/Λ χ .
As can be seen, there are no MM terms in the lowest order lagrangian in Eq. 8. Therefore, the contributions to the MM come from: 1) the next order in the baryon chiral lagrangian [7] 
where the constants c i are all unknown. We will take Λ χ = 4πf π ≃ 1.2 GeV which fixes the normalization of the unknown couplings c i ; 2) terms of order 1/m Q from the heavy quark expansion which break both spin and flavour symmetries [7] .
3) chiral loops of Goldstone bosons coupled to photons, as described by the lowest order Lagrangian.
3 Results for S-baryons (s l = 1)
We define the magnetic moment operator for a spin 1/2 baryon B and a spin 3/2 baryon B * ν respectively as
The leading contributions from the light-and heavy-quark magnetic interactions are of order O(1/Λ χ ) and O(1/m Q ) respectively. We compute the next-to-leading chiral corrections of order O(1/Λ 2 χ ) which originate from the loop diagrams shown in fig.1 . The resulting MM can be decomposed as:
where µ i (B) and µ i (B * ) are related by The values of the µ i (B) contributions are reported in Table 2 for baryons containing a Q-quark (Q = c, b) where We want to stress that due to flavour symmetry, the constants c s , g 2 and g 3 , and hence the values of µ χ , µ g 2 and µ g 3 , are the same for c and b-baryons. The only difference is the contribution proportional to µ HQE due to the different electric charge of the c, Q c = +2/3, and b, Q b = −1/3, quarks (see Eq. 15).
In Eq. 15 we have not considered contributions of order O(1/(m Q Λ χ )). For the bbaryons, these corrections can be safely neglected. For the c-baryons, however, a simple estimate shows that their contribution cannot be larger than, say, 15%. Besides, the selfenergy and loop diagrams with an insertion of the operator in Eq. 12 yield contributions of order O(1/Λ 3 χ ) which again can be neglected because they are NNLO chiral corrections. The results proportional to g 2 2 are obtained performing a one-loop integral ( fig. 1 with an S-baryon running in the loop) that has to be renormalized. The divergent part of the integral does not depend on the pion or kaon mass and is instead proportional to the mass of the baryon running in the loop. If one considers both pion and kaon loops the divergent part respects the SU(3) structure of the chiral multiplet and can be canceled with an operator of the form
This is the most general dimension-6 chiral and Lorentz invariant operator constructed out of S ij µ and Q F µν , preserving parity and time-reversal invariance which contributes to MM. When the equation of motion ((v · D) S µ = ∆ ST S µ ) is applied, its contribution is of the same form as the term proportional to c s in Eq. 12. Thus, the local contribution from the operator in Eq. 18 can be taken into account, together with the lowest order term in Eq. 12, through an effective coupling c S (µ). The scale µ dependence of the loop integrals is exactly canceled by the corresponding dependence of the coefficient c S (µ).
The contribution proportional to g 2 3 involves a loop integral in which a baryon of the T -multiplet is running in the loop. However, as we are in the limit of m T → ∞ no mass term for these T -baryons is present in the Lagrangian of Eq. 8. This means that the only massive particles running in the loop are the light mesons and the result of the integral is convergent and proportional to their mass.
Using Table 2 one can derive the following linearly independent relations for the magnetic moments of spin 1/2 baryons containing a c-quark:
Including the spin 3/2 baryons one can derive six more independent relations,
The last three equations connect observables corresponding to spin 1/2 and spin 3/2 baryons.
Moreover, it is easy to deduce 10 analogous equations that relate baryons having a b-quark
and two independent equations that relate b-and c-baryons
From Table 2 , we see that the order O(1/Λ χ ) and O(1/Λ 2 χ ) contributions cancel in the sum of all baryon MM within the sextet. Therefore, the average over the baryon moments measures the MM of the heavy quark,
Notice also that we can construct other combinations such that c s , g 
If one has got a numerical estimate of the couplings g 2 and g 3 , it is possible to derive a scale independent relation between any couple of baryons. The combination
Model g 2 g 3 Large N c [11] 1.88 1.53 Quark model [3] 1.5 1.06 Short distance QCD sum rule [13] 0.83 ± 0.23 0.67 ± 0.18 Light-cone QCD sum rules [14] 1.56 ± 0.3 ± 0.3 0.94 ± 0.06 ± 0.2 Table 3 : Theoretical estimates of g 2 and g 3 .
is independent of the unknown coupling c S (µ) an can then be predicted. For instance
The couplings g 2 and g 3 have been calculated theoretically. In Table 3 we report the results of these computations.
There exists an experimental measurement of g 3 from CLEO coming from the decay Σ * c → Λ c π [10, 12] , g 3 = √ 3 (0.57 ± 0.10). The direct measurement of g 2 is not possible at present. However, the quark model relates its value to g 3 [12] , yielding g 2 = 1.40 ± 0.25.
In order to get a numerical estimate of the left-hand side of Eq. 26 we set g 2 = 1.5 ± 0.3 and g 3 = 0.99±0.17 and the rest of the constants as in Table 1 . We find for our best estimate of Eq.26
4 Results for T -baryons (s l = 0)
As the light quarks of the T -baryons are in a s l = 0 configuration, the contributions to the magnetic moments of these hadrons are 1/m Q suppressed [4] . The leading term is of the form µ HQE /m Q and the first chiral corrections are of order O(1/(m Q Λ χ )) and come from [15] 
The contributions of order O(1/(m Q Λ 2 χ )) have different origin:
1. there is a divergent contribution [15] coming from Eq. 8 through the chiral loops shown in fig. 2 , which is proportional to the explicit mass splitting,
for the spin 1/2 and spin 3/2 parts of S-baryons [16] ; 2. besides, one can consider a spin-symmetry breaking operator of O(1/m Q );
which gives rise to divergent loop diagrams, as the one in fig. 2 , where one of the vertices is proportional to g ′ .
3. further, there are finite contributions of the same order coming from the SU(3)-breaking operators
where, in the limit of exact isospin symmetry
As in the case of the S-baryons, when all Goldstone boson loops are included, the scale µ dependence of the result of fig. 2 is canceled by the corresponding dependence of an effective c T (µ). Neither the interaction term of Eq. 30 nor the finite terms of Eq. 31 were taken into account in ref. [15] . 
The values of the µ i are written in Table 4 where
c quark b quark µ T
